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A refined and reliable synthesis procedure for Au/TS-1(Si/Ti molar ratio �100) with high reaction rate for
the direct gas phase epoxidation of propylene has been developed by studying the effects of pH of the gold
slurry solution, mixing time, and preparation temperature for deposition precipitation (DP) of Au on TS-1
supports. Au/TS-1 catalysts prepared at optimal DP conditions (pH � 7.3, mixing for 9.5 h, room temper-
ature) showed an average PO rate�160 gPO h�1 kg�1

Cat at 200 �C at 1 atm. A reproducibility better than ±10%
was demonstrated by nine independent samples prepared at the same conditions. These are the highest
rates yet reported at 200 �C. No visible gold particles were observed by the HRTEM analysis in the fresh
Au/TS-1 with gold loading up to �0.1 wt%, indicating that the gold species were smaller than 1 nm.
Additionally, the rate per gram of Au and the catalyst stability increased as the Au loading decreased,
giving a maximum value of 500 gPO h�1 g�1

Au , and Si/Ti molar ratios of �100 gave the highest rates.
� 2011 Elsevier Inc. All rights reserved.
1. Introduction

Propylene oxide (PO) is a high value-added industrial chemical
for producing useful polymeric materials, such as polyurethane
[1,2]. However, the major PO production routes, the chlorohydrin
and hydroperoxide processes, involve multiple stages and require
additional separation and/or purification units that increase the
cost of PO [1,2]. Therefore, a single-step, direct catalytic partial
oxidation of propylene to PO using molecular oxygen has long been
desired. The discovery by Haruta and coworkers that nanoscale gold
particles on titania supports provide a highly selective (�99%) route
to gas phase PO production using a mixture of propylene, oxygen,
and hydrogen under ambient pressure with water as the only
byproduct has opened a new page in the production of PO [3,4].
Although the selectivity is up to commercial standards, the activity,
as well as the catalyst stability, is not yet there. For the early
catalysts, the propylene conversion reached only around 1% and
the catalysts deactivated within several hours [4]. Since then, gold
catalysts have been extensively studied in order to improve PO
catalytic performance.

Early studies on the effect of the support suggested that higher
titanium dispersion would benefit the catalyst performance [5,6],
ll rights reserved.

Delgass).
which has led to the use of either mesoporous titanosilicate
(Ti–SiO2) [7–11], or microporous titanosilicalite-1 (TS-1) [6,12–
20] as the support. The PO rate was enhanced to �80 gPO h�1 kg�1

Cat

at 160 �C by using Au supported on mesoporous Ti–SiO2 with Ba
as the promoter [9]. On the other hand, using TS-1 as the support
enhanced the PO rate up to �116 gPO h�1 kg�1

Cat at 200 �C and im-
proved the stability to at least 40 h, while keeping the PO selectivity
as high as 80% [17]. Further improvement in PO rate was achieved
by either introducing mesoporous scale defects or applying an
NH4NO3 pretreatment to the TS-1 support before gold deposition,
and the corresponding PO rates for those catalysts reached
�130 gPO h�1 kg�1

Cat at 200 �C [12,18]. Recently, Huang et al. reported
that high PO rate, �137 gPO h�1 kg�1

Cat at 200 �C, could also be
achieved by using a solid grinding (SG) method to deposit small
gold clusters (<2 nm) on TS-1 [13]. A higher PO rate, �160 gPO

h�1 kg�1
Cat, using Au/TS-1 prepared by immobilizing the biosynthe-

sized gold nanoparticles on the TS-1 has also been reported recently
[21]. However, it should be noted this high value was achieved at
reaction temperature at �300 �C [21].

Despite the significant improvement in the PO rate, reproduc-
ibility of gold catalyst performance has been found to be an issue
not only for CO oxidation but also for the PO reaction, as evidenced
by the wide range of reported gold atom efficiencies (gPO h�1 g�1

Au ),
even for catalysts using the same support [16,17,22]. The literature
also shows that the performance of gold catalysts is very sensitive
to the preparation conditions [23,24]. Unlike the case for CO
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oxidation [25,26], detailed investigation of the effects of the prep-
aration conditions on the PO catalytic performance has not re-
ceived much attention, although an effect of the pH of the gold
slurry solution had been reported [1,19]. Therefore, this work has
started with refining the DP preparation conditions, including the
pH of the gold slurry solution, the slurry mixing time, and the prep-
aration temperature, to maximize the PO rate by depositing highly
dispersed TEM invisible gold species on TS-1. The reproducibility of
the Au/TS-1 catalytic performance for catalysts prepared at the
resulting optimized preparation conditions is demonstrated by
nine individual samples prepared at the same conditions. Addition-
ally, the effect of the Si/Ti molar ratio of the TS-1 on both the gold
loading uptake efficiency and the PO catalytic performance was
studied. Finally, for TS-1 with favored Si/Ti molar ratios of �100
or greater, decreasing Au loading was found to promote Au cata-
lytic efficiency and catalyst stability after 10–100 h at reaction
conditions.
2. Experimental methods

2.1. TS-1 synthesis

Titanium silicalite-1 (TS-1) with different Si/Ti molar ratios was
synthesized by using the method developed by Khomane et al.
[27]. For a typical synthesis of TS-1, 3.5 g of polyoxyethylene 20-
sorbitan monolaurate (Tween 20, Fischer Scientific, Enzyme Grade)
was mixed with 56 mL deionized water (Millipore, Synergy UV
Water Purification System, 18.2 MX cm�1 resistivity, hereafter de-
noted as D.I. water) under vigorous stirring, followed by addition of
26–28 mL of tetrapropylammonium hydroxide (TPAOH, Alfa Aesar,
40 wt%) and 66.5–70 mL of tetraethylorthosilicate (TEOS, Aldrich,
98%). The solution was then stirred for 1–2 h at room temperature.
A solution containing an appropriate amount of titanium (IV)
butoxide (TBOT, Alfa Aesar, <99%) dissolved in 20 mL of isopropyl
alcohol (IPA, Alfa Aesar, HPLC Grade, 99.7+%) was then added while
stirring. The final solution was stirred for a minimum of 1 h at 40–
45 �C before being placed in a Teflon-lined autoclave (Questron
Technologies) and statically heated (without agitation) in an oven
(Precision Scientific) at 140–150 �C for at least 18 h under autoge-
nous pressure. The resulting solid was separated from the growth
liquid via centrifugation (4500 rpm for 30–40 min, Eppendrof Cen-
trifuge 5804), washed once with approximately 10–15 mL D.I.
water per gram of the TS-1, and dried overnight at room tempera-
ture in a vacuum oven. Once dried, the resulting white powder
(approximately �4 g in a ceramic combustion boat (CoorsTek))
was calcined (Lindberg Blue M Tube Furnace) at 550 �C for 16 h
with ramping rate of 2 �C min�1 in a flow of air of �150 mL min�1

to remove the organic template. Silicalite-1 (S-1) was also prepared
in a similar method except the step of adding titanium (IV) butox-
ide was omitted.
2.2. Gold deposition

Gold was deposited using the DP method as outlined by Taylor
et al. [17]. A typical synthesis of Au/TS-1 with different Si/Ti molar
ratios was as follows: Approximately 0.2 g of hydrogen tetrachlo-
roaurate(III) trihydrate (HAuCl4�3H2O, Alfa Aesar, 99.99%) was
dissolved in 40 mL D.I. water, followed by addition of approxi-
mately 2 g TS-1 (the nominal gold loading �5.5 wt%). The slurry
(TS-1 and gold solution) was then stirred at 900 rpm for 30 min
at room temperature. The slurry solution was then neutralized
by adding specific amounts of 1 N aqueous solution of sodium
carbonate (J.T. Barker Chemical Co. and/or Sigma) depending on
the target pH of the gold slurry solution at the end of the pH
adjustment. The Na/Au molar ratio was approximately �4–5 when
the target final pH of the gold slurry solution was �7.3–7.5
(Mettler Toledo SevenEasy pH meter with pH Electrodes:
InLab�RoutinePro). The slurry was then allowed to mix for another
5 h at room temperature after adding the base. For studying the ef-
fect of mixing time at room temperature, times ranging from 2.5 to
16 h were used. For the catalysts prepared at higher temperature,
the preparation procedure was similar to the method reported in
the literature [1]: The gold slurry solution was prepared and mixed
for 30 min at room temperature. After the base (1 N Na2CO3

aqueous solution) was added to the slurry, it was heated to 70 �C
over a �30 min period and further stirred at 70 �C for another
1.5 h and the end pH of the slurry was �7.46. The catalyst slurry
at 70 �C was then directly separated in the centrifuge, and washed
as described below. For all catalysts, after gold deposition, the
solid was removed via centrifugation (4500 rpm for 20–30 min,
Eppendrof Centrige 5804) washed by suspending the catalyst in
approximately 50 mL of D.I. water, and stirred for 1–2 min. Finally,
the catalysts were separated via centrifugation and dried over-
night under vacuum at room temperature. The catalysts were
named as 0.048Au/TS-1(100), in which 0.048 represents the gold
loading in weight percent (wt%) and the number in the parenthesis
represents the Si/Ti molar ratio in the TS-1.

2.3. Characterization of gold on titanium silicalite-1

The bulk structure of the TS-1 was determined using X-ray dif-
fraction (XRD) using a Scintag X2 diffractometer with Cu Ka radi-
ation. Samples were scanned through 15–45� (2h) with scanning
rate 1.2� min�1. The local environment of the titanium in the
TS-1 was evaluated by diffuse reflectance ultraviolet–visible spec-
troscopy (DRUV–vis) using a Varian Cary 5000 outfitted with Har-
rick Praying Mantis optics and BaSO4 as the reference. The surface
areas as well as the pore volumes were measured using nitrogen
adsorption isotherms (Micromeritics ASAP 2000). Samples were
degassed at 250 �C for at least 8 h before N2 adsorption. The
hydrophobicity of the TS-1 was evaluated by measuring the water
sorption capacity with a thermogravimetric analyzer (TGA) using
a TA Instruments DSC Q600. Prior to the TGA measurements,
�0.5 g samples were suspended into �2 mL D.I. water and the
slurry was sonicated for 2–5 min followed by aging overnight
for water sorption. The excess D.I. water was then decanted and
the remaining solid was further dried in the ambient environ-
ment for at least 3 days. The TGA analysis was performed by
heating the dried sample (approximate 20–40 mg, ground to a
fine powder, but not sieved) from room temperature to 250 �C
at a ramping rate 5 �C min�1 in a flow of He of �100 mL min�1.
The particle size of the support was determined by transmission
electron microscopy for at least 300 particles (TEM, FEI Tecnai
F20, 200 keV), while the gold particle size was determined by
high resolution TEM (HRTEM, FEI Titan, 300 keV). TEM samples
were prepared by dissolving 1–5 mg catalyst in 0.5 mL ethanol
and sonicating the suspension for 5 min. The solution was then
dropped on 200 mesh lacey carbon-coated copper grids, and the
grids were dried for 15 min at RT. The bulk metal loadings (Au
and/or Ti) were determined using atomic absorption spectroscopy
(AAS, Perkin–Elmer AAnalyst 300), while surface Si/Ti molar ratio
was obtained by X-ray photoelectron spectroscopy (XPS) mea-
sured with a Kratos Axis Ultra DLD spectrometer using an Al Ka
monochromatic X-ray radiation at 1486.6 eV and referenced to
the Si 2p line at 103.4 eV [28].

2.4. Measurement of PO reaction rates

Catalytic reaction rates were determined using a 10 mm diam-
eter Pyrex reactor housed within a furnace and using 0.15 g
catalyst of 60–80 mesh size. Approximately 1–2 g quartz sand of



Fig. 1. XRD patterns of TS-1 supports with different Si/Ti ratios. Inset shows the
lack of splitting at the 24.6� peak indicating the formation of the orthorhombic
structure.

Fig. 2. UV–vis spectra of TS-1 supports with different Si/Ti ratios. The absorption at
220 nm identifies Ti with tetrahedral coordination in TS-1.
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70–80 mesh size was used to dilute the catalyst (corresponding to
volume ratio 1:1) to improve the temperature uniformity within
the catalyst bed. The quartz sand was pre-calcined at 550 �C in a
flow of air for 16 h to burn off any impurities. A blank experiment
was performed to ensure that no side reactions were caused by the
quartz sand. A type-K thermocouple was embedded in the catalyst
bed to directly measure the reaction temperature. The reactant
mixture consisted of 10/10/10/70 vol% of hydrogen (Praxair,
99.999%), oxygen (Praxair, 99.999%), propylene (Matheson,
99.9%), and nitrogen (Matheson, 99.999%) with a total flow of
35 mL min�1, resulting in a space velocity of 14;000 mL h�1 g�1

cat.
The total flow rate was confirmed by measurement at the outlet
of the reactor. Typical pressure drop caused by the catalyst bed
was 0–0.07 atm. A reaction temperature of 200 �C was chosen for
catalytic activity testing. Each catalyst was heated in the reaction
mixture from room temperature to 200 �C at a ramp rate
0.5 �C min�1 (�5 h) followed by at least 6 h at 200 �C. The reported
PO rate, PO selectivity, and H2 selectivity in this work were the
average values between the 3rd to 5th h at 200 �C. The external
mass transfer was minimized by operating the reaction at high
space velocity. The internal mass transfer limitation can be ne-
glected because the estimated Thiele modulus is much smaller
than 1 [29]. To avoid on-the-shelf deactivation typical of some
Au catalysts, the samples were kept from light via storing in a vial
wrapped with aluminum foil and the kinetic measurements were
carried out within 24 h of gold catalyst synthesis.

The reactor effluent was analyzed using an Agilent 6890 gas
chromatograph outfitted with an automatic sampling valve and
two sample loops. Oxygenated products (PO, ethanal (Et), propanal
(Pr), acetone (Ac), and acrolein (An)) were separated using a Supe-
lcowax 10 capillary column (0.53 mm � 60 m) and analyzed via a
flame ionization detector, while inorganic products were separated
by a Chromosorb 102 packed column (1/8 in. � 8 ft) and analyzed
by a thermal conductivity detector. The propylene conversion, PO
selectivity, and H2 selectivity were calculated directly and defined
as follows:

Propylene conversion = moles of (C3-oxygenates + 2/3etha-
nal + CO2/3)/moles of propylene in the feed.
PO selectivity = moles of PO/moles of (C3-oxygenates + 2/3etha-
nal + CO2/3).
H2 selectivity = moles of PO/moles of H2 converted.

Carbon balances were closed to 100 ± 5%. However, use of the
nitrogen as the carrier gas in order to allow detection of H2 by
TCD prevented the quantification of trace amounts of carbon diox-
ide. The minimum observable CO2 signal was �0.18 vol% in the gas
stream, corresponding to �0.62% conversion of propylene to CO2.
Thus, the PO selectivities reported are upper bounds with a poten-
tial maximum error of 10%, that is, a selectivity of 90% indicated
that the actual selectivity could be between 80% and 90%.
3. Results

3.1. Characterization of titanium silicalite-1

The MFI structure of the TS-1 with different Si/Ti molar ratios
was confirmed by the X-ray diffraction pattern, as shown in
Fig. 1. The presence of the orthorhombic unit cell was observed
by the lack of splitting of the 2h peak at �24.6�. Fig. 2 shows the
DRUV–vis spectra of the supports. The absorption peak at around
220 nm indicates the incorporation of the titanium into MFI frame-
work [30]. No extraframework titanium was found in any of the
TS-1 samples, as evidenced by the absence of absorption peaks in
the 330 nm region [30]. Table 1 summarizes the bulk as well as
surface Si/Ti molar ratio, the apparent surface area provided by
the BET measurement, micropore/pore volume, and the particle
size of the TS-1 materials with different Si/Ti molar ratios. The
similar surface and bulk Si/Ti molar ratios in the TS-1(100) and
TS-1(77) indicate a homogeneous spatial Ti distribution, while
the surface Si/Ti molar ratio was found to be only half of the bulk
Si/Ti molar ratio for TS-1(215). The BET surface area and pore
volume generally increased as the Ti loading increased, which
can be explained by the expansion of the TS-1 unit cell due to
the insertion of the Ti into the MFI framework, and is consistent
with previous studies [30,31]. However, all the supports had an
average particle size of about 280 nm, regardless of the Si/Ti molar
ratio. Fig. 3 shows TEM images of selected TS-1 samples and the
corresponding particle size distributions.

3.2. Effects of preparation conditions

In order to elucidate the effect of the preparation conditions on
the gold catalysts, we first studied TS-1 with Si/Ti molar ratio = 99.
A set of nine individually repeated experiments using the TS-1
with Si/Ti molar ratio = 100 was then executed to confirm the ef-
fect of the preparation conditions on the TS-1. With the mixing
time (5 h) and preparation temperature (RT) kept the same, the



Table 1
Properties of TS-1 with different Si/Ti molar ratios.

Sample a Surface Si/Ti
molar ratiob

Ti content
(wt%)

BET area
(m2 g�1)

Micropore c Volume
(cm3 g�1)

Pore volumed

(m3 g�1)
Average particle
diametere (nm)

S-1 ND 0 375 ± 16 0.161 0.235 ND
TS-1(215) 588 0.37 373 ± 11 0.145 0.237 ND
TS-1(121) ND 0.65 405 ± 12 0.136 0.257 ND
TS-1(127) ND 0.62 425 ± 11 0.146 0.257 275 ± 40
TS-1(100) 102 0.79 398 ± 15 0.143 0.243 271 ± 23
TS-1(99) ND 0.80 406 ± 11 0.135 0.242 284 ± 26
TS-1(99)f ND 0.80 403 ± 11 0.139 0.245 284 ± 26
TS-1(99)f ND 0.80 386 ± 15 0.135 0.242 284 ± 26
TS-1(77) 73 1.02 418 ± 12 0.142 0.265 290 ± 34
TS-1(77)f ND 1.02 415 ± 12 0.140 0.255 290 ± 34
TS-1(67) ND 1.22 ND ND ND 305 ± 29

ND: not determined.
a The number in the parenthesis represents the bulk Si/Ti molar ratio determined by AAS.
b Determined by XPS analysis.
c Estimated by t-plot method.
d Pore volume is evaluated from the adsorption isotherm at the relative pressure about 0.97.
e Determined by TEM analysis.
f Repeat of N2 adsorption measurement.
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gold loading was found to be strongly affected by the pH of the
gold slurry solution, as shown in Fig. 4a. When the pH of the gold
solution increased, the gold loading decreased. Additionally, Fig. 4b
shows that the gold uptake efficiency (defined as the gold loading
(wt%) in the catalyst divided by the concentration of the gold pre-
cursor used for catalyst preparation) of the catalysts prepared at
pH � 7.3 was about twice that of the catalysts prepared at
pH � 9. As for the PO rate (gPO h�1 kg�1

Cat) of the catalysts prepared
at different pHs, Fig. 5a shows an optimum pH located around
�7–8. However, if the PO rate was renormalized to represent the
gold atom efficiency (gPO h�1 g�1

Au ), the optimum gold atom effi-
ciency shifted a little toward pH � 8, as shown in Fig. 5b. Interest-
ingly, the samples prepared at higher pH exhibited monotonically
higher H2 selectivity, as shown in Fig. 6. Whether or not the excess
Na and/or Cl, inherited from the choice of the pH of the gold slurry
solution, caused an effect on the PO catalytic performance will be
addressed in a subsequent paper.

Since pH of �7–8 gave the best performance in the PO rate, the
target pH was chosen as �7.3 for studies of the slurry mixing time
as well as the effect of preparation temperature. Fig. 7 shows the
effect of the slurry mixing time on the gold loading and the PO rate
(gPO h�1 kg�1

Cat). Increasing the slurry mixing time from 2 to 9.5 h en-
hanced the gold loading from �0.056 wt% to �0.095 wt%. The cor-
responding PO rate also increased from �115 gPO h�1 kg�1

Cat to
�160 gPO h�1 kg�1

Cat (the average value of 9 samples shown in the
Fig. 9). However, the attempt to further increase the slurry mixing
time from 9.5 h to 16 h to further increase the PO rate was not suc-
cessful. The gold loading was significantly increased from
�0.095 wt% to �0.14 wt%, but the PO rate was not enhanced corre-
spondingly but decreased slightly to �150 gPO h�1 kg�1

Cat.
The effect of the preparation temperature on the gold loading

(wt%) as well as on the PO rate (gPO h�1 kg�1
Cat) is shown in Table 2.

Traditionally, higher preparation temperature (50–80 �C) has been
used to shorten the preparation time required for the hydrolysis
reaction to occur between the chloroauric anions and the hydroxyl
anion in the gold solution [24]. Therefore, a shorter time (�2 h)
was used for the sample prepared at higher temperature
(�70 �C) in this study. This sample, however, did not show any
benefit in the PO rate compared to the samples prepared at room
temperature. The gold loading of the sample prepared at 70 �C
was a little lower than that of the samples prepared at RT, but
the PO rate was about half that of the samples prepared at RT, indi-
cating that the gold atom efficiency was much worse for the sam-
ple prepared at 70 �C. Furthermore, the hydrogen selectivity of the
sample prepared at 70 �C was found to be inferior to that of the
samples prepared at RT.

Fig. 8 shows HRTEM images of a representative fresh catalyst,
0.1Au/TS-1(99), made by targeting the final pH of the gold slurry
solution as �7.3 for �9.5 h mixing at room temperature. No gold
particles were visible by the HRTEM analysis, indicating that only
gold clusters smaller than 1 nm were present on the TS-1 after using
the optimum preparation conditions proposed in this study. In or-
der to test the reproducibility, nine individual samples prepared
by the same conditions (pH � 7.3, mixed for�9.5 h, room tempera-
ture) were synthesized. Fig. 9 represents the catalytic performance
of the nine individual samples as a function of the reaction time. It
should be noted that the PO rate of those catalysts exhibited an
average value �160 gPO h�1 kg�1

Cat at 200 �C, and this is the highest
PO rate at 200 �C yet reported and comparable to the latest reported
PO rate �160 gPO h�1 kg�1

Cat at 300 �C by Du et al. [21]. The reproduc-
ibility of nine catalysts prepared at the optimum conditions showed
that (1) the average PO rate was 158 gPO h�1 kg�1

Cat with standard
deviation 9 gPO h�1 kg�1

Cat, (2) gold atom efficiency was
�167 gPO h�1 g�1

Au with standard deviation 22 gPO h�1 g�1
Au (2) H2

selectivity was 17% with standard deviation 2%. Corresponding data
for (1) the selectivities to the oxygenated products (PO, ethanal (Et),
propanal (Pr), acetone (Ac), and acrolein (An)) are given in Figs. S1–
5, (2) the H2 selectivity in Fig. S6, (3) the propylene conversion in
Fig. S7, and (4) the production rate of the oxygenates other than
PO as a function of the reaction time in Figs. S8–11.

3.3. Effects of Si/Ti molar ratio

The effect of the titanium content in the TS-1 on the gold uptake
efficiency (defined as the gold loading (wt%) of the catalyst divided
by the concentration of the gold precursor used in catalyst prepa-
ration) is shown in Fig. 10a and b. The gold loading was found to
track the titanium loading, but the gold uptake efficiency was
not a linear function of the titanium content. Moreover, the gold
uptake efficiency was almost equivalent for TS-1 with Si/Ti = 215
and Si/Ti =1. In order to further investigate the effect of Ti content
on PO catalytic performance, we prepared catalysts with different
gold loadings by using either different amounts of gold precursor,
different mixing times, and/or different preparation temperatures
for each of the TS-1 samples with different Si/Ti molar ratios. To
avoid the complexity which might be caused from the effect of
the residual Na and/or Cl, all of the samples were prepared at
pH � 7.3. Fig. 11a and b represent the PO rate (gPO h�1 kg�1

Cat) as well



Fig. 3. TEM images of (a) TS-1(77) (b) TS-1(99) (c) TS-1(127) and the corresponding particle size distributions (a’), (b’), (c’). The scale bar represents 200 nm. The particles are
shown adhering to the carbon film of the lacey carbon TEM grid.
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as the gold atom efficiency (gPO h�1 g�1
Au ) of the samples with differ-

ent gold loadings and different Si/Ti molar ratios. For Au/TS-1 with
Si/Ti of 99 or 100, the PO rate increased linearly with the gold load-
ing up to �0.07 wt%, which implies the number of the active sites
increases as the gold loading increases in the low gold loading re-
gion (<0.07 wt%). However, the PO rate reached a plateau when the
gold loading further increased up to �0.1 wt%. For Au/TS-1(77), the
PO rate was found to be able to ‘‘scale’’ with the gold loading over a
much wider range. As the gold loading increased from �0.03 wt%
to �0.134 wt%, the PO rate also increased from 33 gPO h�1 kg�1

Cat to
112 gPO h�1 kg�1

Cat. Additionally, the gold atom efficiency was very
sensitive to the Si/Ti molar ratio. A drastic drop of the gold atom
efficiency was observed as the gold loading increased from
�0.02 wt% to �0.1 wt% for Au/TS-1 with lower Ti content (Si/Ti
P99), but a less precipitous drop in the gold atom efficiency was
found for Au/TS-1(77). The H2 selectivities of the samples with dif-
ferent gold loadings and different Si/Ti molar ratios are shown in
Fig. 12. Two categories can be classified according to the Ti content
in Fig. 12. The H2 selectivity of the Au/TS-1 with higher Ti content
(Si/Ti = 77 and/or 65) was within the range of 12–20% for the gold
loading from �0.01 wt% to �0.14 wt%. However, the H2 selectivity
of the samples with lower Ti content (Si/Ti P99) was very depen-
dent on the gold loading. A significant H2 selectivity drop was ob-
served from �40% to 11.6% for Au/TS-1 (Si/Ti = 100 and/or 127)
when the gold loading increased from 0.015 wt% to �0.11 wt%.
Moreover, an optimum H2 selectivity was found for Au/TS1-
1(215) when the gold loading was �0.01 wt%.

3.4. Stability of Au/TS-1 catalysts with different PO rates

Among all of the Au–Ti catalysts studied in the literature, Au/TS-1
is one that can provide relatively good stability during catalyst
operation for extended time [13,17]. Fig. 13 shows the stability per-
formance of samples from this work with different PO rates. The
samples were prepared by adjusting the gold loading via changing
the concentration of the gold precursor solution, which resulted in
different Au loadings and PO activities. Samples with the PO rate
greater than 100 gPO h�1 kg�1

Cat always showed decay in the PO rate



Fig. 4. (a) Gold loading of Au/TS-1(100), Au/TS-1(99) prepared at different pHs. (b)
Gold loading (wt%) of Au/TS-1(99 and/or 100) as a function of the concentration of
gold precursor (HAuCl4�3H2O) used in the catalyst preparation at different pH
values.

Fig. 5. (a) PO rate for Au/TS-1(100), Au/TS-1(99) prepared at different pH values.
The data are reported as average values between 3rd and 5th h at 200 �C. (b) Gold
atom efficiency of Au/TS-1(100), Au/TS-1(99) prepared at different pH values. The
data are reported as average values between 3rd and 5th h. Reaction conditions: H2/
C3H6/O2/N2 = 3.5/3.5/3.5/24.5 mL min�1, space velocity 14;000 mL h�1 g�1

cat, reac-
tion temperature = 200 �C.

Fig. 6. H2 selectivity of the Au/TS-1(100), Au/TS-1(99) prepared at different pH
values. The data are reported as average values between 3rd and 5th h.
Reaction conditions: H2/C3H6/O2/N2 = 3.5/3.5/3.5/24.5 mL min�1, space velocity
14;000 mL h�1 g�1

cat, reaction temperature = 200 �C.
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during the time they were investigated, while the stability seemed
to improve as the PO rate continued to decrease. Samples with an
initial PO rate of �85 gPO h�1 kg�1

Cat showed very good stability over
more than �50 h, while no rate decay was observed over a periods
of >100 h for a sample with a steady state PO rate of
�35 gPO h�1 kg�1

Cat. Furthermore, despite the similar steady state
PO rate (�35—45 gPO h�1 kg�1

Cat) for two samples, 0.031Au/TS-1(99)
and 0.023Au/TS-1(99), their kinetic behaviors within the first few
hours were very different. The 0.031Au/TS-1(99), prepared by mix-
ing the slurry for 5 h at RT with final pH � 5, showed higher initial
PO rate which then gradually decayed to the steady state PO rate,
while 0.023Au/TS-1(99), prepared at similar conditions except that
the final pH was�8.8, required a period of time to become activated
and then rose to its steady state PO rate. Additionally, the HRTEM
images and the corresponding gold particle size distribution analy-
ses of two samples with very different PO rates (0.031Au/TS-1(99)
with average PO rate �45 gPO h�1 kg�1

Cat and 0.1Au/TS-1(99) with
average PO rate �171 gPO h�1 kg�1

Cat) are shown in Fig. 14. The
HRTEM analysis was done after reaction at 200 �C for 3 h for both
samples. The average gold particle size was found to be �2.5 nm
and �2.9 nm for 0.031Au/TS-1(99) and 0.1Au/TS-1(99), respec-
tively. However, it should be noted that relatively few visible gold
particles were found in the 0.1Au/TS-1(99) sample.
4. Discussion

4.1. Deposition of gold

In an effort to isolate the effects of gold catalyst preparation
conditions on the PO catalytic performance, the same source of
TS-1 with identical chemical/physical properties should be used.
Due to the fact that only small amounts of TS-1 could be obtained
from each batch of TS-1 synthesis (�16 g), multiple batches of TS-1
with the same Si/Ti molar ratio were synthesized and then mixed
to create the TS-1 supply for each Si/Ti ratio. Therefore, the differ-
ence observed in PO activity and/or H2 selectivity could be unam-
biguously attributed to the different gold catalyst preparation
conditions.



Fig. 7. Gold loading and PO rate for the Au/TS-1(100), Au/TS-1(99) prepared at
different mixing times. The data are reported as average values between 3rd and
5th h. Reaction conditions: H2/C3H6/O2/N2 = 3.5/3.5/3.5/24.5 mL min�1, space
velocity 14;000 mL h�1 g�1

cat, reaction temperature = 200 �C.

Fig. 9. Reproducibility of the rates for Au/TS-1(100) and Au/TS-1(99) catalysts
prepared at pH � 7.3 and with a mixing time of �9.5 h. The average PO rate was
158 gPO h�1 kg�1

Cat with a standard deviation of 9 gPO h�1 kg�1
Cat .
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The gold loading is strongly affected by the pH of the slurry
solution such that higher pH results in lower gold loading, as
shown in Fig. 4a. A similar phenomenon was observed by the group
of Oyama and coworkers, and they attribute this to a simple elec-
trostatic model [1]. Because of the low isoelectric point of TS-1
(�2–3), a higher pH environment will establish a stronger repul-
sion force between the more negatively charged surface of the
TS-1 and the anionic gold species. The gold loading vs. pH relation-
ship we have found here is different from our previously published
results [19]. The difference can be attributed to the use of the TS-1
with lower Si/Ti molar ratio, the lower amount of washing solution
(6—18 mL g�1

Cat instead of 25 mL g�1
Cat), and/or the details of the

washing step in the previous work, in which the catalysts were
not re-suspended into 50 mL D.I. water in a flask and not stirred
thoroughly for 1–2 min during washing. Although the electrostatic
force explanation is consistent with the observed relation between
pH and gold loading, the real gold deposition mechanism is likely
Table 2
The gold loading and the catalytic performance of Au/TS-1(99) prepared at different temp

Sample ID pH Mixing time (h) Temp (�C) Gold loading (wt%)

0.122Au/TS-1(99) 7.5 2 70 0.122
0.143Au/TS-1(99) 7.4 16 RT 0.143
0.146Au/TS-1(99) 7.5 16 RT 0.146

Fig. 8. TEM analysis of the fresh 0.1Au/TS-1(100) prepared at room temp
to be more complex than the electrostatic attraction alone because
a noticeable amount of gold can still be deposited at the very high
pH of �9. While the pH may well dominate the difficulty of the
gold species to approach the TS-1 surface, the actual gold deposi-
tion could be due to a surface reaction between the gold species
and the hydroxyl groups on the defect or other sites on the TS-1
surface, which is similar to the explanation proposed by Moreau
et al. [26]. The defect sites in TS-1 have also been suggested via
DFT calculations [32] to be energetically favorable for deposition
of gold species. Recently, Dustin et al. suggested that silicalite-1
(S-1) would exhibit more defect sites if TEOS was used as the silica
source [33]. Our use of S-1 as the support for normal gold deposi-
tion was also successful and the gold uptake efficiency is shown in
Fig. 10a. This result suggests that even without the Ti sites serving
as the preferential sites to anchor gold, some energetically favor-
able sites (probably defects sites) are still available for gold
deposition.

Our previous experimental results, together with published DFT
calculations, suggest that gold clusters smaller than 2 nm could be
eratures.

PO rate (gPO h�1 kg�1
Cat) Gold atom efficiency (gPO h�1 g�1

Au ) H2 sel. (%)

84 69 9.1
148 103 12.1
154 105 10.7

erature with a mixing time of 9.5 h. The scale bar represents 5 nm.



Fig. 10. (a) Gold loadings for Au/TS-1 samples with different Ti contents as a
function of the concentration of gold precursor (HAuCl4�3H2O) used in the catalyst
preparation. (b) Gold uptake efficiency as a function of Si/Ti molar ratio.

Fig. 11. (a) PO rate of the Au/TS-1 catalysts with different gold loadings prepared at
pH = �7.3. The rates are reported as average values between 3rd and 5th h. (b) Gold
atom efficiency for the Au/TS-1 catalysts in 11 (a). Reaction conditions: H2/C3H6/O2/
N2 = 3.5/3.5/3.5/24.5 mL min�1, space velocity 14;000 mL h�1 g�1

cat, reaction
temperature = 200 �C.

Fig. 12. H2 selectivity of the Au/TS-1 with different gold loadings and different Si/Ti
molar ratios. Reaction conditions: H2/C3H6/O2/N2 = 3.5/3.5/3.5/24.5 mL min�1,
space velocity 14;000 mL h�1 g�1

cat, reaction temperature = 200 �C. The data are
reported as average values between 3rd and 5th h.
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the active sites for PO reaction [17,19,32,34,35]. Recent literature
shows that 1–2 nm gold clusters with a tight size distribution
could be deposited on the external surface of the TS-1 by a solid
grinding (SG) method [13]. The group of Haruta and coworkers
suggested that the dominant active sites for PO are gold clusters
with 1–2 nm diameter on the TS-1 external surface, based on the
observation that samples with higher PO rate (gPO h�1 kg�1

Cat) exhib-
ited higher 1–2 nm gold cluster density in the HAADF-STEM
images. The gold clusters small enough to be inside the TS-1 were
assigned lower activity. All these results suggest that the active
gold particles should be very small regardless of whether they
are inside or outside the TS-1 crystallites. A strategy for preparing
Au/TS1 with high PO rate is therefore to make the gold species
nearly atomically dispersed on TS-1, and then to adjust the gold
cluster size further by properly choosing the activation protocol
and/or reaction temperature.

Fig. 11a shows that the PO rate (gPO h�1 kg�1
Cat) approximately

scales with the gold loading up to around 0.07 wt% for Au/TS-
1(100) when the more gentle preparation condition (i.e., room
temperature) was chosen for gold deposition. This linear relation-
ship between gold loading and the PO rate performance
(gPO h�1 kg�1

Cat) suggests that the number of active sites is also in-
creased as the gold loading increases and implies that the gold
deposition process is under control and the gold species are highly
dispersed when the gold loading is below 0.07 wt%. Room temper-
ature was chosen for gold deposition to avoid gold species aggrega-
tion because it has been reported that high preparation
temperature promotes the aggregation of the gold species
(Au(OH)xCl4�x) via the condensation reaction among the hydroxyl
groups [36]. Furthermore, the gold loading was found to track with
the Ti loading in Au/TS-1 system, suggesting that gold preferentially
deposits over Ti sites [17]. Another potential disadvantage of higher
preparation temperature is that it could over-promote the gold
cluster growth at Ti sites, blocking them from participating in the
epoxidation reaction. The fact that no visible gold particles could
be found in the fresh Au/TS-1 with gold loading less than 0.1 wt%,



Fig. 13. Stability of Au/TS-1 samples with different PO rates. Reaction conditions:
H2/C3H6/O2/N2 = 3.5/3.5/3.5/24.5 mL min�1, space velocity 14;000 mL h�1 kg�1

Cat ,
reaction temperature = 200 �C. Data concerning the selectivities of the H2 and the
oxygenated products (PO, ethanal (Et), propanal (Pr), acetone (Ac), and acrolein
(An)), the propylene conversion, and the production rate of the oxygenates other
than PO as a function of the reaction time are available in the supporting
information (Figs. S12–21).
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as shown in Fig. 8, supports the conclusion that gold species can be
deposited in a very high dispersion from room temperature prepa-
ration. Fresh samples prepared by using the 70 �C, 2 h conventional
preparation conditions with similar gold loading (�0.1 wt%)
showed visible gold particles with average size �2 nm in the
literature [1] and, as shown in Table 2, lower gold atom efficiency
compared to room temperature preparation.

The linear relationship between the gold loading and the PO rate
shown in Fig. 11a provides the motivation to seek ways to expand
the plot to higher rates. Increasing loading by raising the tempera-
ture has already been shown to be unsuccessful. We decided to in-
crease the gold slurry mixing time as an alternative, mild way to
increase loading. When the mixing time increased from 5 h to
9.5 h, the PO rate also increased from an average value of
136 to 160 gPO h�1 kg�1

Cat at 200 �C, as shown in Fig. 7. Considering
that TS-1 is a hydrophobic material and that electrostatic force at
useful pH is also not favorable, gold complex species are relatively
hard to deposit on the TS-1. Thus, it is likely that the deposition pro-
cesses are kinetically controlled and that the contact time between
the support and the gold species can directly affect the production
of the active sites for PO reaction. Longer contact time allows the
gold species to diffuse into the microporous channels and increase
reaction with surface hydroxyl groups and/or the defect sites.
Moreover, longer mixing time also allows evolution of the slow
room temperature hydrolysis reactions between the chloride and
the hydroxyl ion in solution so that most of the undesired chloride
ligands, which are known to be detrimental for CO oxidation, would
be replaced by hydroxyl groups. It should be noted that this level of
control in the gold atom efficiency for the PO reaction (gPO h�1 g�1

Au )
at this wide gold loading range is unprecedented in the literature.
We concluded that the essential keys to preparing the Au/TS-1 with
PO rate over 100 gPO h�1 kg�1

Cat are to choose room temperature to-
gether with the longer mixing time as the more gentle preparation
conditions, instead of the commonly used high preparation temper-
ature (50–80 �C) with shorter preparation time. It is interesting to
note that the linear response of the rate to gold loading found here
also provides confirmation, by the Koros–Nowak/Madon–Boudart
criterion [37,38] that the rates are not transport controlled.

Two special features of TS-1, low isoelectric point and a hydro-
phobic surface, make it inappropriate to apply the deposition–pre-
cipitation (DP) method for gold deposition. However, it appears
that the deposition inefficiency caused by these two features is
what leads to gold species that still remain highly dispersed in
Au/TS-1 even when very high concentration of the gold precursor
solution (nominal gold loading �5.5 wt%) is used for gold catalyst
preparation. The idea that high activity of the Au/TS-1 can be
achieved by using properly chosen DP conditions (using nominal
gold solution loading as high as �10 wt% and synthesizing at room
temperature) has also been supported by the recent report by
Mennemann and Claus [39] in which the Au/TS-1 with gold loading
�0.05 wt% and Si/Ti molar ratio �46 showed a PO rate �68 gPO

h�1 kg�1
Cat, comparable to the PO rate �60 gPO h�1 kg�1

Cat of the
0.054Au/TS-1(77) catalyst prepared in this work.

Based on the experimental data reported in this work, no fur-
ther information could be provided regarding the assignment of
active sites to gold clusters inside and/or outside the TS-1 crystal-
lites, although the decrease in gold atom efficiency as the gold
loading increases indicates that the active gold cluster size should
be small. In Fig. 14, the HRTEM image of the 0.1Au/TS-1(99) after
�14 h of reaction showed an average gold particle size around
�2.9 nm, while that of the 0.03Au/TS-1(99) after �116 h in reac-
tion was around �2.5 nm. If we consider that (1) the gold loading
of the 0.1Au/TS-1(99) was three times that of 0.03Au/TS-1(99), (2)
the total visible gold particle density (#/ nm2, calculated from the
TEM images in which gold particles could be observed) of 0.1Au/
TS-1 was only �40% of that for 0.03Au/TS-1(99), (3) most of the
gold in 0.03Au/TS-1(99) could have already moved toward the sur-
face because of the long exposure time (>100 h) at the reaction
temperature 200 �C, and (4) the 0.1Au/TS-1(99) has a rate >4 times
that of 0.03Au/TS-1(99), we can conclude that gold clusters ‘‘invis-
ible’’ by HRTEM in 0.1Au/TS-1 could contribute significant activity
for the PO reaction. Finally, the highest gold atom efficiency yet re-
ported (500 gPO h�1 g�1

Au ) is for a sample with very low gold loading,
0.01Au/TS-1(127), supporting the conclusion that gold clusters
smaller than 2 nm are very active for the PO reaction [13].

4.2. Effects of Si/Ti molar ratio on PO rate

The natural intuition for enhancing the PO rate (gPO h�1 kg�1
Cat)

further still is to provide as many Ti sites as possible in the TS-1.
This idea leads to the use of Ti containing supports with lower
Si/Ti molar ratio for preparing Au/titanosilicalite catalysts for PO
reaction [8–11,40]. Previous studies of the effect of the Si/Ti molar
ratio on the PO catalytic performance showed that the gold atom
efficiency was inferior for samples with higher Ti content [1,17],
but changes in Au loading at different Si/Ti molar ratios complicate
interpretation. In an effort to better understand the effect of the Ti
content on the PO catalytic performance, we used the concentra-
tion of gold precursor and/or the mixing time to control the Au
loading and prepared samples with different gold loadings for sev-
eral Si/Ti molar ratios using a pH of �7.3 and room temperature. It
was found unexpectedly that the gold atom efficiency was always
much lower for the Au/TS-1 with higher Ti contents (Si/Ti = 77 and/
or 65), compared to the ones with lower Ti contents (Si/Ti = 127,
121 and/or 99, 100). Moreover, in the gold loading range investi-
gated, the best performance in the PO rate was found for TS-1 sup-
ports with Si/Ti � 100. This suggests that the optimum window for
the Si/Ti molar ratio for Au/titanosilicalite catalysts prepared by
the DP method for the PO reaction should be shifted to around
100, instead of the widely used Si/Ti molar ratio values of 30–
100 found in the literature [8–11,40].

The exact reason for this phenomenon is unclear. The effect of
the total or external surface area of the support on the PO catalytic
performance can be excluded because, as shown in Table 1, the
variations are small. Furthermore, Table 1 shows that the spatial
distribution of the Ti in both TS-1(100) and TS-1(77) was uniform
since the surface Si/Ti and the bulk Si/Ti molar ratios were similar.
Even though no peaks/shoulders around 260 nm were observed in
the UV–vis spectra for all the TS-1 investigated in this work, it is



Fig. 14. (a–c) TEM images and (c’) particle size distributions for spent 0.03Au/TS-1(99) with PO rate �35 gPO h�1 kg�1
Cat after �116 h reaction at 200 �C. The scale bar represents

10 nm in (a-b) and 20 nm in (c). (d) TEM images and (d’) particle size distributions for spent 0.1Au/TS-1(99) with PO rate �150 gPO h�1 kg�1
Cat after 14 h reaction. The scale bar

represents 5 nm.
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still possible that a very small amount of the extraframework Ti
might be present in TS-1 with higher Ti content [41]. To examine
this possibility further, we turned to the PO and H2 selectivity.
With the current experimental setup, the precise measurement
of the PO selectivity is not available since the use of nitrogen as
the carrier gas results in a weak TCD signal for CO2. Nevertheless,
the PO selectivity (even without considering the CO2) can still be
a good indicator of the effect of the support on the PO performance.
Fig. 15 shows that the PO selectivity of Au/TS-1 with higher Ti con-
tents (Si/Ti = 77 and 65) is much lower than that of Au/TS-1 with
lower Ti contents (Si/Ti = 127, 121 and 99, 100). The loss of the
PO selectivity in the Au/TS-1 with Si/Ti = 77 and/or 65 was driven
by an increase of the propanal selectivity (not shown). This change
in the partial oxidation product distribution as well as the lower
hydrogen peroxide usage efficiency (lower H2 selectivity) suggests
the presence of some extraframework Ti, since it was found that
the PO selectivity and the other oxygenate product distribution
can be a strong function of the Ti–O–Ti connectivity [6], and the
extraframework Ti is known as a good catalyst for hydrogen
peroxide decomposition [42]. This also implies the importance as
well as the sensitivity of the PO catalytic performance on the Ti
coordination state.
4.3. Effects of Si/Ti molar ratio on H2 selectivity

As for the H2 selectivity, Au/TS-1 with lower Ti content
(Si/Ti P 99) generally showed increased H2 selectivity as the gold
loading decreased. It has been reported that larger gold particles
(�2 nm) promote H2 combustion in an Au/mesoporous titanosili-
calite system [8]. The decreased H2 selectivity at higher gold load-
ing might be due, therefore, to the presence of the larger gold
particles. The effect of gold particle size on H2 combustion will
be discussed in a later paper, but the exact reason why (1) the
H2 selectivity for the Au/TS-1(77) is essentially independent of
the gold loading from �0.03 wt% to�0.13 wt% and (2) the H2 selec-
tivity for the Au/TS-1(215) started to drop when the gold loading
less than 0.01 wt% remains unclear.



Fig. 15. PO selectivity of Au/TS-1 catalysts with different gold loadings and
different Si/Ti molar ratios. The data are reported as the average values between 3rd
and 5th h at 200 �C. Reaction conditions: H2/C3H6/O2/N2 = 3.5/3.5/3.5/
24.5 mL min�1, space velocity 14;000 mL h�1 g�1

cat, reaction temperature = 200 �C.

Fig. 17. Regeneration test for 0.04Au/TS-1(127) during PO reaction. (a) catalyst at
reaction conditions, (b) catalyst in O2/N2 = 3.5/24.5 mL min�1 at 200 �C for �4 h,
and (c) catalyst switched back to reaction conditions. Reaction conditions: H2/C3H6/
O2/N2 = 3.5/3.5/3.5/24.5 mL min�1, space velocity 14;000 mL h�1 g�1

cat, reaction
temperature = 200 �C.

188 W.-S. Lee et al. / Journal of Catalysis 287 (2012) 178–189
Another interesting issue is whether or not the physical features
and/or chemical properties of the TS-1 remain the same when the Ti
content varies. Defect sites in TS-1 are relevant because they have
been shown to be energetically favorable for gold deposition and/
or PO reaction as described above. Previous study of the sorption
properties of calcined TS-1 with different Ti contents showed that
the water sorption capacity increases as the Si/Ti ratios decrease
from 99 to 48. This measure of hydrophylicity indicates that either
the number of defect sites is higher or the water has stronger affin-
ity toward Ti sites for the TS-1 with higher Ti content [43,44]. Our
thermogravimetric analysis (TGA) data, shown in Fig. 16, suggest
that our TS-1 with higher Ti content was also more hydrophilic
(more water loss at 250 �C). As discussed above, the gold loading in-
creased as the Si/Ti molar ratio decreased, but the gold uptake effi-
ciency was a nonlinear function of the Ti content. The nonlinear
increase in the gold loading as the Ti content increases could be
caused by the number of the defect sties (including both Si defect
sites and Ti defect sites) being a nonlinear function of the Ti content
in our TS-1 coupled with a nonlinear interaction of Au with these
sites. Additionally, the new defect sites (including both Si defect
sites and Ti defect sites) might be generated during the gold depo-
sition process. The finite gold uptake in S-1 and the nonlinear
dependence between the gold uptake and the Ti content in the
TS-1 suggest the defect sites play an important role in the gold
deposition process for Au/TS-1. Therefore, the distribution of the
Fig. 16. TGA analysis for TS-1 catalysts with different Ti contents. The samples
(�20–40 mg) were not sieved prior TGA analysis. The temperature was raised from
room temperature to 250 �C at a ramping rate 5 �C min�1 in a flow of He of
�100 mL min�1.
gold species between the Si defect sites and the Ti sites might be
a function of the gold loading and/or the Si/Ti molar ratio, which
would affect the number of PO active sites (Au–Ti proximity sites),
the gold cluster size as well as the extent of gold particle sintering at
the given gold loading. The imbalanced distribution of the depos-
ited gold species toward the Si defect sites and Ti sites on the
TS-1 might also contribute to the unexpected H2 selectivity behavior
in Au/TS-1(215) and/or Au/TS-1(77) at different gold loadings.
4.4. Catalyst stability

Finally, we consider catalyst stability. We attribute the signifi-
cant PO activity loss of the samples with initial PO rate
> 100 gPO h�1 kg�1

Cat to gold particle aggregation during the stability
test at 200 �C. When the gold loading is lower, however, the distance
between the gold particles becomes larger, which reduces the prob-
ability of gold cluster/particle sintering, and the catalysts showed
very good stability even over 100 h. In addition to the gold particle
sintering, bidentate species that form during the reaction on the sur-
face [5] and can block the active site have been suggested to the rea-
son for the catalyst deactivation [1,5]. The bidentate species,
together with other species (acetates), has also been found to track
with catalyst (Au–Ba/Ti-TUD) deactivation in an in situ IR experi-
ment [45]. However, the question of whether or not the rate of the
bidentate species building up correlates with the deactivation rate
in the Au/TS-1 system remains unanswered. An attempt to restore
the PO rate by switching the reaction mixture to O2/N2 = 3.5/
24.5 mL min�1 at 200 �C for �4 h to burn off the residual carbon
on the catalyst surface seems to have been successful (shown in
Fig. 17), as the PO rate after regeneration (124 gPO h�1 kg�1

Cat) is com-
parable to that of the fresh sample (130 gPO h�1 kg�1

Cat). However, the
catalyst continued to decay for the following 1–2 h of reaction. We
note that by performing an operando IR experiment, one could
clearly address the effect of the surface adsorbates on catalyst
deactivation. The different catalytic behavior modes of the two cat-
alysts, 0.031Au/TS-1(99) and 0.023Au/TS-1(99), imply that the
dynamics of the gold species during the reaction are different
and may be correlated to the different pHs used in the preparation
conditions.
5. Conclusions

By optimizing the preparation conditions (the pH of the gold
slurry solution, the mixing time, and the preparation temperature),
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a PO rate �160 gPO h�1 kg�1
Cat was achieved, which is the highest PO

rate at 200 �C yet reported. Good control of Au/TS-1 preparation
was demonstrated by the reproducibility of nine individual sam-
ples. Very high gold atom efficiency (�500 gPO h�1 g�1

Au ) was found
for Si/Ti�127 samples with gold loading as low as �0.01 wt%, sug-
gesting that the smallest gold clusters are the most active for the PO
reaction. Additionally, the gold atom efficiency was found to be a
function of the Si/Ti mole ratio of the TS-1. Instead of TS-1 with high
Ti content to increase the site density, diluted systems (low gold
loading/low Ti loading) are recommended for preparing Au/TS-1
with high reaction rate for PO production. The stability of the sam-
ples with different gold loadings and PO rates suggests that the PO
rate is very sensitive to the gold cluster size, with sparsely loaded
clusters <2 nm being the most stable as well as the most active.
Stability over 100 h on stream was demonstrated for a sample with
PO rate �35 gPO h�1 kg�1

Cat, while a more active sample with PO rate
> 100 gPO h�1 kg�1

Cat still suffered from deactivation, which we pro-
pose is caused by the loss of the optimally active gold cluster size.
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